The NOD mouse, which shows many features of human IDDM, is extensively used to evaluate the role of T lymphocytes in the pathogenesis of autoimmune diabetes. The development of diabetes in this model appears to be controlled by a finely tuned immunoregulatory balance between autoaggressive T cells and regulatory immune phenomena, the disruption of which may result in destruction of insulin-secreting cells. The absolute requirement of sublethal irradiation to permit transfer of the disease to non-diabetic adult syngeneic mice provides indirect evidence for the presence of regulatory T cells in non-diabetic NOD mice. We have previously reported that the reconstitution of irradiated recipients by CD4 + T cells from nondiabetic female NOD mice blocks the transfer of diabetes by spleen cells from diabetic donors. We now report evidence that anti-CD4 monoclonal antibodies can substitute for irradiation in rendering adult NOD male mice susceptible to diabetes transfer by diabetogenic spleen cells. Efficient diabetes transfer can be achieved in non-irradiated adult NOD recipients provided they are thymectomized and CD4 + T-cell depleted prior to the transfer. The role of thymectomy is to limit T cell regeneration after anti-T cell monoclonal antibody challenge. Our data confirm that regulatory CD4 + T-cells, which efficiently counterbalance diabetogenic cells, are present in adult NOD male animals. [Diabetologia (1994) 37: 337-343] Key words Non-obese diabetic mouse, regulatory T cells, CD4 + T cells, transfer.
transfer in non-diabetic NOD and in severe combined immuno-deficient recipients; in some studies, they severely damage NOD islets in vivo [12] [13] [14] [15] [16] [17] [18] .
Some lines of evidence point to regulatory phenomena which are mediated by T cells [19] . Not all NOD mice become diabetic, particularly males, although all animals develop insulitis [1] . Cyclophosphamide induces early and acute diabetes [20, 21] . Sublethal irradiation is required to transfer diabetes to adult recipients by diabetogenic T cells [11] . Co-transfer of CD4 + T cells from 8-week-old non-diabetic female NOD mice blocks the development of diabetes induced by the transfer of diabetogenic spleen cells [22] . Protective cells are no longer detectable in mice thymectomized at 3 weeks of age [23] . However, the significance of such regulatory T cells is compromised by the necessity of irradiation prior to transfer, favouring complete redistribution of lymphoid cells in the recipient. We provide new evidence for the existence of 
Materials and methods

Animals
NOD mice were bred in our facilities in specific pathogen-free conditions and checked at 6-month intervals for bacterial, viral and parasitic infections. The spontaneous incidence of diabetes in our colony reaches 45 to 55 % in females and less than 5 % in males by 6 months of age. Mice are considered diabetic when permanent fasting glycaemia is above 17 mmol/1, as determined using test strips and a colometric assay (Haemoglukotest and RefloluxF; Boehringer-Mannheim, Mannheim, Germany). Swiss nude mice used to produce hybridoma ascites were purchased from Iffa-Credo (FArbresles, France).
Antibodies
Ascites from hybridomas 145-2Cll (hamster anti-CD3 IgG) [24] , H35-17.2 (rat anti-CD8 IgG2b) [25] , 53.6-7 (rat anti-CD8 IgG2a) [26] , 172.4 (rat anti-CD4 IgM), YTS191.1 (rat anti-CD4 IgG2b, kindly provided by Dr. L.Chatenoud), GK1.5 (rat anti-CD4 IgG2b) [27] and 30H12 (rat anti-Thyl.2 IgG2b ) [28] were purified by precipitation with 40 % saturated ammonium sulphate. Hamster IgG was purifiedon a Protein-A-sepharose column (Pharmacia, Uppsala, Sweden), rat IgG2b on a Spectra-Gel column (Spectrum, Houston, Tx., USA) and rat IgG2a on a Protein-G-sepharose column (Pharmacia). Antibodies used for in vivo treatment were injected i. p. or i. v. in purified from or as precipitated ascites in phosphate buffered saline (Dulbecco's formula, Flow Labs., Irvine, Scotland). Anti-Thy-1, -CD4 and -CD8 monoclonal antibodies all bear a kappa light chain, which enabled detection of coated cells in treated animals by using an FITC anti-rat kappa light chain monoclonal antibody in FACScan analysis. 
Immunofluorescence staining procedure
Thymectomy
Thymus ablation was performed under anaesthaesia by suction with a Pasteur pipette [23] . Sham-thymectomized mice were used as controls throughout the study. Total thymectomy was confirmed at autopsy by visual examination and mice with thymic remnants were discarded.
Adoptive transfer of diabetes and cell fractionation
Non-irradiated NOD recipients were injected i.v. with 10 7 pooled purified T cells collected from overtly diabetic syngeneic mice and prepared aseptically in HBSS [10] . In one experiment, a group of recipients was preirradiated (750 rads) 1 day prior to transfer of diabetogeneic cells. Diabetic-mouse T cells were prepared using a nylon wool column [29] . Briefly, columns (Fenwal Lab., Deerfield, Ill., USA) were extensively washed with HBSS supplemented with 5 % fetal calf serum and kept for 1 h at 37 ~ Splenocytes (2 x 107/ml) from overtly diabetic animals were added to the column and incubated for 45 min at 37 ~ non-adherent T cells were then eluted. Less than 4 % of B cells were detected, with more than 85 % Thy-1 + and 92 % CD3 + cells. The CD4/CD8 ratio of T cells was similar to that in total splenocytes from normal and diabetic donors (2/3 CD4 + and 1/3 CD8 + ).
Statistical analysis
The incidence of diabetes was compared between groups by using the chi-square test.
Results
Effect of thymectomy on the maintenance. of T-cell depletion
Based on evidence that T cells play an important role in protecting NOD mice against the transfer of diabetes by spleen cells from diabetic donors, we evaluated the presence of CD4 + T cells in different experimental situations.
We first evaluated T-cell depletion following the injection of monoclonal antibodies directed against T cells in adult NOD mice. Five-week-old animals received two i. v. injections of purified anti-CD4 plus anti-CD8 monoclonal antibodies or saline 1 week apart. Splenocytes were collected 2, 4, 6 and 8 weeks after the last injection. Percentages and absolute numbers of different lymphoid cell subsets were determined by FACS analysis (Table 1) . No rat kappa-positive cells could be detected 2 weeks post-injection, suggesting the absence of monoclonal-coated cells and of residual circulating monoclonal antibodies (data not shown). Consequently in subsequent experiments the transfer of cells from diabetic donors to depleted recipients was performed 2 weeks after the last monoclonal antibody injection. Following this regimen, in normal NOD mice (or sham-thymectomized animals) CDS-depletion was strong and durable (92 % at 2 weeks, 75 % at 4 weeks, 63 % at 6 weeks and 39 % depletion at 8 weeks after the last monoclonal antibody injection compared to salineinjected animals); CD4 + cell depletion was intense but more partial and short-lived (65 % at 2 weeks, 15 % at 4 weeks, 14 % at 6 weeks and 4 % at 8 weeks). The efficacy of CD8 + T-cell depletion was more pronounced than that of CD4 + T cells. A likely hypothesis is that a significant CD4 + T cell pool w~s reconstituted from the thymus. This prompted us to evaluate the effect of thymectomy in the regeneration of T cells in depleted animals.
Following thymectomy at 3 weeks of age, NOD mice were injected with monoclonal antibodies as de-339 scribed above. Ablation of the thymus prior to monoclonal antibody challenge significantly prolonged duration of CD4 + and CD8 + T-cell depletion. This was particularly clear for CD8 + T-cell depletion (94%, 82 %, 78 % and 75 % depletion at 2, 4, 6 and 8 weeks, respectively after the last injection compared to salinetreated animals). For CD4 + T cells, the depletion was 80 %, 46 %, 33 % and 26 % at 2, 4, 6 and 8 weeks, respectively compared to controls. Two explanations may be proposed for this difference between CD4 and CD8 regeneration capacities. First, CD4 + T cells may regenerate more rapidly because depletion is only partial. Second, some CD4 + T cells could mature independently of the thymus, as documented for CD8 + T cells in the gut [30] . It is important to note that similar data were obtained when considering absolute T cell numbers. CD3 or Thy-1 expressions consistently corresponded to the sum of CD4 + and CD8 + T cells, both in percentages and in absolute numbers. B lymphocyte numbers were not significantly modified by anti-T cell monoclonal antibody regimen (data not shown). Altogether, these observations provide strong evidence that anti-CD4 and anti-CD8 treatment essentially operated by depletion of the target cells rather than by modulating CD4 and CD8 molecules.
Since it has been reported that thymectomy at weaning, but not in older animals, may accelerate the onset of diabetes in the NOD model [23] , we next evaluated the effect of later thymectomy prior to the injection of T-cell depleting monoclonal antibodies. Ten week-old NOD males thymectomized at 8 weeks of age were injected twice at a 1-week interval with a combination of anti-T cells monoclonal antibodies (125 gl of each precipitated anti-CD4: GK1.5, anti-CD8:H35-17.2 and anti-Thy-l: 30H12 ascites). Two weeks after the last monoclonal antibody challenge, Thy.1 +, CD4 + and CD8 + cellsubsetswereprofoundlyreducedinpercentages and in total numbers of cells (77 %, 71% and 98 % depletion, respectively as compared to sham-thymectomized saline treated recipients), while total numbers of B cells were not significantly modified, which suggests true T-cell depletion rather than antigenic modulation. Furthermore, no monoclonal antibody-coated cells were detectable, as determined by the absence of anti-kappa-stained recipient splenocytes (0.4% in treated animals vs 0.3 % in controls; data not shown).
Thymectomy of adult NOD males is required to transfer diabetes
Because thymectomyin adult male animals has no effect on the onset of spontaneous diabetes [23] and allows significant T-cell depletion, we decided to use late thymectomized recipients for further transfer experiments.
Of 10 mice thymectomized at 7 weeks of age and having received no monoclonal antibody injection, only one developed diabetes over a 4-month follow-up. Weeks after transfer Fig.1 . Twelve recipients thymectomized at 7 weeks of age ( 9 ) and 10 sham-thymectomized recipients ( [] ) were further depleted with anti-T cell monoclonal antibodies, while 12 thymectomized recipients received saline ( 9 All were injected at 11 weeks of age with 9.106 nylon wool-purified T cells collected from overtly diabetic donors. The purity of diabetogeneic T cells is given in Materials and methods and T-cell depletion efficiency is given in the text. One group of 10 thymectomized recipients which did not receive monoclonal antibody treatment or diabetogeneic T cells was included to evaluate the incidence of spontaneous disease ( 9 ) . The difference at the end of the experiment between the thymectomized T-cell depleted and thymectomized saline-treated groups was significant (p < 0.001) , seven thymectomized saline-treated recipients ( 9 and five non-depleted sham-thymectomized recipients irradiated (750 rads) the day before transfer ( 9 were injected at 12 weeks of age with 9.106 nylon wool-purified T cells from overtly diabetic donors. The purity of diabetogeneic T cells is given in Materials and methods and T-cell depletion efficiency is given in the text. The difference at the end of the experiment between CD4-depleted, saline-treated and CD8-depleted groups were significant (p < 0.01)
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Similarly, of 12 thymectomized non-depleted recipients that received 10 106 spleen cells from diabetic donors, only one developed diabetes during the same time. By contrast, nine of 12 thymectomized T-cell-depleted recipients developed diabetes upon transfer of diabetic spleen cells (Fig. 1) . T-cell depletion in sham-thymectomized animals did not permit transfer of IDDM by autoreactive T cells, as only one of 10 recipients became diabetic. Since the transfer of diabetes was observed only when thymectomy was combined with anti-T cell monoclonal antibody injections, it is likely that nonirradiated recipients possess regulatory T cells which are able to oppose the autoimmune process induced by diabetogenic T cells. These regulatory T cells can readily reemerge from the thymus after peripheral T-cell depletion in non-thymectomized recipients.
Regulatory T cells in adult NOD males are CD4 +
To further delineate the role of CD4 and CD8 T cells in recipient animals, CD4-and CD8-cell depletions were obtained by injecting anti-CD4 (100 btg of purified GK1.5 and 100 gl of Y191.1 precipitated ascites) or anti-CD8 (100 bt of purified H35-17.2 and 100 gg of purified 53.6-7) monoclonal antibodies twice at a 1-week interval in non-irradiated male NOD mice after thymectomy at 8 weeks of age. CD4 + and CD8 + T cells were strongly depleted (84 % and 94 % respectively, data not shown), despite detection in anti-CD8-treated animals of 4.5 % CD3 + CD4 -CD8 -T cells (vs 0.2% in saline-treated mice), suggesting that a minor fraction of targetted cells modulated their CD8 antigen. This was confirmed, at the time of transfer, by the absence of antibody-recovered cells in all treated recipients, as assessed by the absence of anti-kappa light chain staining (data not shown). Of 10 CD4 + T cell-depleted prethymectomized NOD male recipients eight developed diabetes within 4 months after receiving diabetogeneic T cells, compared to one of eight and one of seven thymectomized CD8 + cell-depleted and non-depleted recipients, respectively (p < 0.01, Fig. 2) . As a control, all sham-thymectomized preirradiated recipients (n--5) became diabetic within 4 weeks of the transfer. Transfer of diabetes in irradiated animals is as efficient as in CD4-depleted non-irradiated recipients (100% vs 80% diabetes respectively, NS), but diabetes appears earlier in the former than in the latter. This difference may be related to the strong but incomplete deletion of CD4 + T cells in anti-CD4 monoclonal antibody treated recipients. Furthermore, depletion of pancreatic-infiltrating cells is usually more difficult to perform when using monoclonal antibodies.
Our data confirm the involvement of thymus-dependent CD4 + T cells in the mechanisms which protect against the transfer of diabetes in non-irradiated adult NOD animals.
Discussion
Using a double-transfer experimental procedure, our group and others [22, 31] previously reported that the reconstitution of 8-week-old preirradiated NOD male recipients by CD4 + spleen and/or thymic T cells from adult non-diabetic counterparts conferred protection against the development of diabetes induced by the injection of spleen cells from diabetic donors. However, the presence of protective CD4 + T cells in the spleen was detectable only within a very narrow time frame (i.e. not after 8-10 weeks of age) although several weeks or months elapsed before most animals developed clinical diabetes [22] . Because double-transfer experiments allow the detection of protective cells in accessible lymphoid compartments and because preirradiation followed by reconstitution of recipients disrupts lymphoid cell distribution, these limitations raise the issue of the actual role of protective T cells in the natural history of diabetes in the NOD mouse.
Therefore, we established a model to characterize regultory cells independently of their transfer into preirradiated recipients. Hypothesizing that CD4 + Tcells were responsible for blocking the transfer of diabetes in non-irradiated adult recipients, we reasoned that targetting these cells in vivo could substitute for irradiation and allow the disease to develop after injection of spleen cells from diabetic counterparts. Our data confirm that a subset of CD4 + T cells present in non-diabetic NOD males allows the blockade of autoreactive T-cells in the NOD mouse model. Interestingly, the model of transfer that was used here allowed direct evaluation of the presence of regulatory T cells independently of their homing in the spleen, which was a limitation in previous co-transfer experiments [22, 31] . We also demonstrate that transfer of diabetes does not require preirradiation of the recipient animals if CD4 + T-cells have been efficiently targetted with monoclonal antibodies. Interestingly, the injection of anti-T cell monoclonal antibody, in the absence of thymectomy, is not sufficient to allow diabetes transfer. The significant reduction of the T-cell compartment in anti-CD4 + T-cell-treated recipients cannot alone explain the ability to transfer the disease by elimination of a bulk of T cells that, by creating a non-specific immune "space", may increase the possibility of rare diabetogenic clones to take. Thymectomy by itself does not significantly diminish T-cell distribution and is more likely to limit reexpansion of regulatory T cells, responsible for the inhibition of diabetes transfer. On the contrary, we feel that the elimination of a specific regulatory CD4 + T-cell subset in NOD male recipients, which may localize in organs to which access is difficult for the investigator (i. e. the pancreas), is directly responsible for the expansion of autoaggressive T cells. As this protection is overcome by sublethal irradiation, we propose that these regulatory CD4 + T cells are radiosensitive.
341
The observation that regulatory CD4+ T cell clones have not been obtained in the NOD mouse may relate to the fact that cloning studies have mostly been performed in diabetic mice which are unlikely to carry active regulatory cells. Furthermore, such cells could be under-represented in normal and prediabetic animals, or the regulatory function of these cells could be highly dependent on specific environmental factors or interactions between effector cells and their targets. It also cannot be ruled out that regulatory capacities in vivo may be overlooked in vitro by effector cells. The only suppressor clone reported as capable of blocking the transfer of IDDM by T cells from diabetic donors was CD8 + [16] . The protection afforded by this clone seemed to result from induction of anergy and the clone's ability to secrete an uncharacterized soluble factor interfering with the IL2 receptor on activated T cells [18] .
A few recent experimental reports have dealt with regulatory and effector functions mediated by different CD4+ subpopulations, and their possible contributions to the development of IDDM. First, it has been shown that reconstitution of thymectomized and irradiated PVG.RT1 u rats with syngeneic CD4+ OX22 high T cells induces IDDM, while reconstitution with whole CD4 + T cells does not [32] . Furthermore, the diabetogeneic effects of CD4 + OX22 high cells can be blocked if rats are further reconstituted with the complementary CD4 + OX22 l~ subset [32] . The OX22 antibody is specific for the CD45RB antigen [33] . In the rat, CD4 + CD45RB high cells possess similar characteristics to the mouse TH1 cells: they secrete IL-2 and interferon-), but not IL-4. CD4 + CD45RB l~ present the opposite, TH2-1ike, lymphokine profile [34] . These data suggest an autoaggressive potential for CD4+CD45RB high (THl-like) T cells, which would be under the control of regulatory CD4+ CD45RB l~ (TH2-1ike) cells [32] . The second work was developed in the NOD mouse [35] . Here, diabetes is prevented by injection of complete Freund's adjuvant. The complete Freund's adjuvant-induced protection is mediated by CD4 + T cells [36] . The authors show that, in the pancreatic infiltrate of complete Freund's adjuvant-protected animals, the CD45RA +/CD45RA -Ratio is two times lower than in nonprotected animals [35] . Furthermore, IL-4 could not be detected in the pancreatic infiltrate of the latter animals, as opposed to complete Freund's adjuvant-protected mice [35] . We have also reported an abnormal bias of CD4 + CD45RA high T cells in the NOD mouse [37] . The CD4 + CD45RAhigh/CD4 + CD45RA l~ ratio was increased in the thymus, lymph-nodes and mostly among the pancreatic infiltrating cells, and was related to the natural history of IDDM. Interestingly, mature T cells from prediabetic NOD mice are anergic [38] . This unresponsive state is due to the inability of these cells to produce sufficient amounts of IL-4 [39] . Furthermore, this anergy can be completely reversed in vitro by IL-4, and injection in vivo of this lymphokine prevents the onset of diabetes [39] . Altogether, these data strongly suggest that some subsets of CD4 + T cells can mediate regulatory functions that may resemble TH2 cells. Our data bring evidence for the possible role of such regulatory cells in development of diabetes in vivo. This new model allows the detection of regulatory functions in the NOD mouse and has many advantages compared to the previously reported double-transfer model [22, 311. First, it does not require pre-irradiation of the recipients prior to transfer of diabetogeneic and protective cells, a procedure which dramatically modifies cellularity and haematopoiesis. Furthermore, the necessity in double-transfer experiments to isolate regulatory cells from the defined organ of a donor (i. e. thymus, spleen or lymph-nodes) appears to be a strong limitation, as there is presently no argument favouring such localization of regulatory cells (one may even propose that the most potent regulatory cells constitute the major islet infiltrating T-cell population, essentially when considering adult male NOD mice in which the disease usually never progresses further than mild insulitis). Finally, by testing various monoclonal antibodies specific for markers on CD4 + T cells (i.e. CD45R isoforms, IL2 receptor) or specific pharmalogical drugs (e.g. phosphodiesterase inhibitor pentoxifylline, known to act specifically on TH1 cells [40] ), our non-irradiated transfer model should enable us to fully delineate the T-cell subset involved in regulatory phenomena without the need to consider its anatomical distribution in the recipient.
